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Abstract. A mechanism of ultra-high energy cosmic ray
acceleration in extragalactic radio sources, at the interface
between the relativistic jet and the surrounding medium,
is discussed as a supplement to the shock acceleration in
‘hot spots’. Due to crossing the tangential discontinuity
of the velocity the particle can gain an amount of en-
ergy comparable to the energy gain at the shock crossing.
However, the spectrum of particles accelerated at the jet
side boundary is expected to be much flatter than the one
formed at the shock. Due to this fact, particles acceler-
ated at the boundary can dominate the overall spectrum
at highest energies. In conditions characteristic to extra-
galactic jets’ terminal shocks, the mechanism naturally
provides the particles with E ∼ 1020 eV and complies
with the efficiency requirements. The spectrum formation
near the cut-off energy due to action of both the shock
acceleration and the tangential discontinuity acceleration
is modelled with the Monte Carlo particle simulations. It
confirms that the upper energy limit can surpass the shock
acceleration estimate.
Key words: astrophysical jets – UHE cosmic rays – ac-
celeration mechanisms – shock waves
1. INTRODUCTION
Jet-like outflows are observed in a number of astrophysi-
cal environments, starting from young stars embedded in
their parent molecular clouds, up to active extragalactic
objects. In the later case, a number of interesting observa-
tional phenomena are noted over orders of magnitude of
linear sizes. In particular, at the smallest mili-arc-second
scales, one often observes relativistic jet velocities, with
flow Lorentz factors γu reaching the values above 10 (cf.
Ghisellini et al. 1996). At larger scales, velocity measure-
ments are more difficult, but without entrainment of large
amount of matter near the active galactic nuclear source
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the jet flow velocity must be also relativistic. A possi-
ble loading of a jet with matter is expected to be ap-
pended by a substantial amount of turbulence (Henriksen
1987) and related jet kinetic energy dissipation. However,
in the FR II radio sources, there are often observed jets
efficiently transporting energy to the far-away hot spots
and any jet breaking mechanism can not act too effec-
tively near the central core. Also, the existing hydrody-
namical simulations of relativistic jets show for possibil-
ity of extended stable jet structures (Marti et al. 1995,
1997; Go´mez et al. 1995). Another argument suggesting
the relativistic jet speed at all scales, may be based on
the visible asymmetry of jets with respect to the nuclear
source, if one believes the effect is caused by the high ve-
locity of the essentially bi-symmetric outflow (cf. Bridle
et al. 1994). Let us also note that the Meisenheimer et
al. (1989) modelling of the shock acceleration process at
extragalactic radio-source hot spots yields ‘the best-guess’
jet velocities in the range (0.1, 0.6)
The relativistic movement of the jet leads to shock
wave formation in places where an obstacle or pertur-
bation of the flow creates a sudden velocity jump. For
jets loaded with a cold plasma the highly oblique coni-
cal shocks are formed within the jet tube. These shocks
can have a non-relativistic character, involving the veloc-
ity jump perpendicular to the shock surface much smaller
than the overall jet velocity U ∼ c. They lead to a lim-
ited kinetic energy dissipation and are usually claimed
to be responsible for forming the so called ‘knots’ along
the jet. A much more powerful shock is formed at the
final working surface of the jet. There, a substantial frac-
tion of the jet energy is transferred into heating the jet’s
plasma, generating strong turbulence, boosting magnetic
fields within the turbulent volume, and finally accelerat-
ing electrons and nuclei to cosmic ray energies. Rachen &
Biermann (1993) considered the process of particle accel-
eration to ultra-high energies (UHE) at such shocks. They
show that given the favourable conditions the UHE par-
ticles up to ∼ 1020 eV can be formed. Then Rachen et
al. (1993) show that assumption of UHE particle accelera-
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tion in extragalactic powerful radio sources is compatible
with the current measurements of cosmic ray abundances
and spectra at energies above 1017 eV. Additionally, the
arrival directions of cosmic ray particles observed above
10 EeV are correlated with the local galactic supercluster
structure (Stanev et al. 1995; see, also, Medina Tanco et
al. 1996, Sigl 1996, Sigl et al. 1995, 1996, Hayashida et
al. 1996, Elbert & Sommers 1995, Geddes et al. 1996 and
Medina Tanco 1998). An alternative model involving the
several-Mpc-scale non-relativistic shocks in galaxy clus-
ters is proposed by Kang et al. (1996; see also Kang et al.
1997).
As noted by us (Ostrowski 1990; henceforth Paper I) a
tangential discontinuity of the velocity field can also pro-
vide an efficient cosmic ray acceleration site if the consid-
ered velocity difference U is relativistic and the sufficient
amount of turbulence on both its’ sides is present. The
problem was extensively discussed in the early eighties by
Berezhko with collaborators (see the review by Berezhko
1990) and in the diffusive limit by Earl et al. (1988) and
Jokipii et al. (1989). In the present paper we consider the
process of ultra high energy cosmic ray acceleration in
relativistic jets including the possibility of such boundary
layer acceleration. As the considerations of Rachen & Bier-
mann (1993) treat the acceleration process at relativistic
shock in a somewhat simplified way (see, also Sigl et al.
1995), in the first part of the next section (section 2.1)
we review this process in some detail in order to under-
stand the inter-relations between the conditions existing
near the shock, the accelerated particle spectrum and the
particle’s upper energy limit. Then, in section (2.2), we
present a short description of the basic physical model
for the considered acceleration process acting at the jet
boundary. We show (section 2.3) that in the conditions
characteristic for relativistic jets in extragalactic radio
sources, particles with energies above 1020 eV can be pro-
duced in this process without extreme parameter fitting.
The required efficiency is discussed in section (2.4). We
confirm the estimates presented previously for the shock
acceleration, showing that the UHE particle flux observed
at the Earth can be reproduced as a result of acceleration
processes in jets of nearby powerful radio sources. In sec-
tion 3 we discuss the problem of the particles’ spectrum.
With the use of Monte Carlo simulations, we consider the
action of both processes acting near the terminal shock
in a relativistic jet. Modification of the spectrum due to
varying boundary conditions and jet velocity is discussed
for the case of (e−, p) jets expected to occur in the pow-
erful FRII radio sources (cf. Celotti & Fabian 1993). The
derived particle’s upper energy limits are above the shock
acceleration estimates and the spectrum modification at
highest energies can resemble the observed above 10 EeV
‘ankle’ structure. A short summary and final remarks are
presented in section 4. A preliminary report about this
work was presented in Ostrowski (1993b, 1996).
For the discussion that follows, we consider the jet
propagating with the relativistic velocity, U ∼ c. We use
c = 1 units.
2. ACCELERATION PROCESSES IN RELA-
TIVISTIC JETS
The present considerations attempt to extend the discus-
sion of particle acceleration at shock waves formed in the
end points of jets by including an additional acceleration
process acting at the jet boundary layer. For particles with
UHE energies both the shock transition as well as the ve-
locity transition layer between the jet and the surrounding
medium (‘cocoon’) can be approximated as surfaces of dis-
continuous velocity change1. Basing on such approxima-
tion we compare the acceleration at the non-compressive
tangential discontinuity at the jet side boundary and the
compressive terminal shock discontinuity.
2.1. Shock acceleration in a hot spot
A review of the problems related to energetic particle ac-
celeration at relativistic shock waves is presented by Os-
trowski (1996) and Kirk (1997). In the present section
we summarize some most important findings in this sub-
ject. The main difficulty in considering cosmic ray acceler-
ation at relativistic shocks arises from the substantial par-
ticle anisotropies involved. A consistent approach to the
first order Fermi acceleration at such a shock propagating
along the background magnetic field (‘parallel shock’) was
conceived by Kirk & Schneider (1987) who obtained solu-
tions to a kinetic equation of the Fokker–Planck type with
a pitch-angle diffusion scattering term. More general con-
ditions at the parallel shock were considered by Heavens
& Drury (1988), who took into consideration the fluid dy-
namics of relativistic shock waves. For a shock propagating
in the cold (e, p) plasma a trend was revealed to make the
accelerated particle spectrum slightly flatter (σ ≈ 3.7) for
the shock velocity, U , growing up to roughly 0.5c, and,
then, increasing the inclination with further growth of U
up to σ ≈ 4.2 at the highest considered velocity u = 0.98.
However, the resulting varying spectral index could still be
reasonably approximated with the non-relativistic expres-
sion σ = 3R/(R − 1), where R is the shock compression
ratio. They also noted that the spectrum inclination de-
pends on the perturbations’ spectrum near the shock, in
contrast to the non-relativistic case. A qualitatively new
possibility was revealed by Kirk & Heavens (1989) who
considered the acceleration process in shocks with mag-
netic fields oblique to the shock normal (see also Ballard
& Heavens 1991 and Ostrowski 1991). They demonstrated,
again in contrast to the non-relativistic results, that such
1 One may also note that in the perfect fluid simulations
of relativistic jets by Marti et al. (1995, 1997) the numerical
viscosity inherent to such approach does not lead to generation
of an extended shear layer.
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shocks led to flatter spectra than do the parallel ones, with
σ ≈ 3.0 for the (subluminal) quasi-perpendicular shocks.
Their work relied on the assumption of adiabatic invariant
p2⊥/B conservation for particles interacting with the shock
and, thus, was limited to only slightly perturbed back-
ground magnetic fields. A different approach to particle
acceleration was presented by Begelman & Kirk (1990),
who noted that in relativistic shocks most field configura-
tions lead to super-luminal conditions. Then particles can
be energized in a single shock transmission only, accompa-
nied with a limited energy gain, but the acceleration in rel-
ativistic conditions is more efficient than that predicted by
a simple adiabatic theory. The acceleration process in the
presence of finite amplitude perturbations of the magnetic
field was considered by Ostrowski (1991; 1993a), Ballard
& Heavens (1992) and Bednarz & Ostrowski (1996). The
considerations involved the Monte Carlo particle simula-
tions for shocks with oblique perturbed magnetic fields.
It was noted that the spectral index was not a monotonic
function of the perturbation amplitude, enabling for the
steeper spectra at intermediate perturbation amplitudes
than those for the limits of small and large amplitudes. It
has also been revealed that the conditions leading to very
flat spectra involve an energetic particle density jump at
the shock and probably lead to instability. The accelera-
tion process in the case of a perpendicular shock shows a
transition between the compressive acceleration described
by Begelman & Kirk (1990) and, at larger perturbations,
the regime allowing for formation of a wide range power-
law spectrum. As a conclusion of this short review one
should note that the present theory is unable to predict
the spectral index of particles accelerated at the relativis-
tic shock wave, e.g., the possible range of indices arising
in computations for the sub-luminal shocks propagating
in the cold (e, p) plasma is 3.0 < σ < 4.5.
To date, there was somewhat superficial information
on the acceleration time scales, Tacc, in relativistic shocks
as the applied approaches often neglected or underesti-
mated a significant factor controlling the acceleration pro-
cess – the particle anisotropy. The realistic particle distri-
butions are considered in Bednarz & Ostrowski (1996; see
also Ellison et al. 1990 and Naito & Takahara 1995 for spe-
cific cases) who considered shocks with oblique, sub- and
super-luminal magnetic field configurations and with finite
amplitude perturbations, δB. At parallel shocks, Tacc di-
minishes with increasing perturbation amplitude and the
shock velocity U1. A new feature discovered in oblique
shocks is that due to the cross-field diffusion Tacc can
change with δB in a non-monotonic way. The accelera-
tion process at the super-luminal shock leading to the
power-law spectrum is possible only in the presence of
a large amplitude turbulence. Then, in contrast to the
quasi-parallel shocks, Tacc increases with the increasing
wave amplitude. For mildly relativistic shocks, in some
magnetic field configurations one discovers a possibility to
have extremely short acceleration time scales, compara-
ble, or even smaller than the particle gyroperiod in the
magnetic field upstream of the shock. It is also noted that
there exist a coupling between the acceleration time scale
and the resulting particle spectral index. Again, the above
variety of different results illustrates the difficulty in pro-
viding an accurate acceleration time scale estimate with-
out a detailed knowledge of the conditions in the shock.
Fig. 1. A schematic representation of the terminal shock neigh-
bourhood. The velocities and distances used in the text are
indicated.
A discussion of UHE particle acceleration at mildly rel-
ativistic shocks formed at the powerful radio source hot
spots was presented by Rachen & Bierman (1993) and Sigl
et al. (1995). The partly qualitative considerations show a
potential difficulty in accelerating particles to the highest
required energies. Besides the difficulties with the accel-
eration time scale there are even more severe constraints
for the particle energy due to the boundary conditions:
the finite perpendicular extent of the jet and the finite ex-
tent of the shock’s downstream region situated within the
radio source hot spot. The considerations of the time de-
pendent acceleration at shocks described above (Bednarz
& Ostrowski 1996) allow for a very rapid acceleration only
in some particular conditions. One should also be aware
of the another problem. As discussed above, due to an
anisotropic particle distribution at the shock, the different
physical factors acting near it can substantially modify the
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particle energy distribution. Thus, let us stress again, the
theory is not able to predict every particular spectral in-
dex for the accelerated particles (cf. Ostrowski 1994, 1996)
or any particular acceleration time scale and any attempt
to compare such existing predictions to the observations
bears a substantial degree of arbitrariness.
2.2. Acceleration process at the jet side boundary
A tangential discontinuity of the velocity field (or a shear
layer) occurring at the jet side boundary can be an effi-
cient cosmic ray acceleration site if the considered veloc-
ity difference, U , is relativistic and the sufficient amount
of turbulence on its both sides is present 2 (Paper I, Os-
trowski 1997). If near the jet boundary particles exist with
gyroradii (or mean free paths normal to the boundary)
comparable to the actual thickness of the shear-layer in-
terface, the acceleration process can be very rapid. One
may note, that the particles with energies > 1 EeV, of in-
terest here, could satisfy the last condition naturally. Any
high energy particle crossing the boundary from, say, re-
gion I (within the jet) to region II (off the jet), changes
its energy, E, according to the respective Lorentz trans-
formation. It can gain or loose energy. In the case of a
uniform magnetic field in region II, the successive trans-
formation at the next boundary crossing, II → I, changes
the particle energy back to the original value. However, in
the presence of perturbations acting at particle orbits be-
tween the successive boundary crossings there is a positive
mean energy change:
< ∆E > = ρE (γu − 1)E , (1)
where γu ≡ (1 − U
2)−1/2 is the flow Lorentz factor. The
numerical factor ρE depends on particle anisotropy at dis-
continuity. It increases with the growing field perturba-
tions’ amplitude but slowly decreases with growing flow
velocity. Particle simulations described in Paper I give val-
ues for ρE within the strong scattering limit as a sub-
stantial fraction of unity. During the acceleration process,
particle scattering is accompanied by the jet’s momentum
transfer into the medium surrounding it. On average, a
single particle with momentum p transports the following
amount of momentum across the jet’s boundary:
< ∆p >=< ∆pz >= ρp U p , (2)
where the value of p is given as the one after transmission
and the z-axis of the reference frame is chosen along the
flow velocity. The numerical factor ρp depends on the scat-
tering conditions near the discontinuity and it can reach
values also being a substantial fraction of unity. As a re-
sult, there exists a drag force per unit surface of the jet
2 For simplicity, we consider the magnetic field perturbations
static in the local plasma rest frame and thus we neglect any
additional acceleration due to the second-order Fermi process.
boundary acting on the medium along the jet, of a magni-
tude order same as the accelerated particles’ energy den-
sity. Independent of the exact value of ρE , the accelera-
tion process can proceed very fast in the case of the mean
magnetic field being parallel to the boundary (cf. Coleman
& Bicknell 1988, Fedorenko & Courvoisier 1996) because
particles can be removed at a distance from the accel-
erating interface only in the inefficient process of cross-
field diffusion. One may note that in the case of a non-
relativistic velocity jump, U ≪ c, the acceleration process
becomes of the second-order in U/c and a rather slow one.
2.3. The upper energy limit for the tangential discontinu-
ity acceleration
For acceleration at the considered tangential discontinu-
ity the acceleration time scale Tacc – as long as the flow is
mildly relativistic – can be approximately determined by
the mean time between boundary crossings, < ∆t >, and
the mean energy gain at the crossing, < ∆E > (Eq. 1; cf.
Bednarz & Ostrowski (1996) for the case of non-vanishing
correlations between ∆t and ∆E, when ∆E ∼ E). Within
a simple diffusive model in Paper I, the time Tacc is ex-
pressed with the use of λ/c, where λ is the particle mean
free path. Tacc depends on a number of physical factors, in-
cluding jet velocity and magnetic field structure determin-
ing parameters of particle wandering at the acceleration
region and the mean energy gain at individual boundary
crossing. Thus we express the acceleration time scale as
Tacc = αλ/ c , (3)
where α is a numerical factor depending on the local con-
ditions at, and near the jet, including the escape boundary
distance, the turbulent magnetic field structure near the
flow discontinuity and the flow velocity. For the strong
scattering limit the estimates of Paper I give the values of
α between, say, 10 and 1, if we require the spectrum to be
sufficiently flat, within the velocity range (0.5, 0.99) 3. The
actual conditions are different from the plane-parallel case
considered in Paper I, but we expect the above estimates
to be still valid, as long as the particle gyroradius rg(E)
is smaller than the jet radius Rj . If the perturbations are
due to growing instabilities near the jet boundary, one
may expect them to reach substantial amplitudes up to
3 One should note that the time scales given in Paper I are
derived for stationary spectra. Thus, it provides only the up-
per limits for the actual process, where, at first, the accelerated
particles appear at the discontinuity and they fill the full diffu-
sive volume near the jet in the later times. This filling process
is accompanied with the gradual flattening of the spectrum.
If one inquires about the highest particle energies expected to
occur at the discontinuity, a value of α close to 1 should be
assumed in Eq. 3. Then, in the energy range close to the upper
cut-off, the particle spectrum will be steeper than the station-
ary one (cf. also Ostrowski & Schlickeiser 1996).
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Fig. 2. Particle spectra derived for the acceleration process
involving the first-order Fermi acceleration at the jet termi-
nal shock and the acceleration at the jet-cocoon interface. The
case with D = 0.97 and a seed particle injection at the shock
is considered. The spectrum of all escaping particles is pre-
sented with a full line, while with dashed lines the spectra at
the respective escape boundaries: medium dashes for the front
boundary and long dashes for the side boundary. We consider
the case with the front boundary placed Lesc = Rj downstream
of the shock and the side boundary in the distance Resc = 2Rj
from the jet axis. For the low energy part of the front bound-
ary spectrum we provide a power–law fit representing the ‘pure’
shock spectrum without the cut-off (short dashes). At the suc-
cessive panels we present the cases for U1 = 0.3, 0.5 and 0.9
. For comparison, the spectrum formed at the shock with ne-
glected energy changes at the jet side boundary is presented
for the case of U1 = 0.5 (individual points).
and above the kiloparsec scales that are of interest here,
leading to magnetic field perturbations 4 δB/B ∼ 1 and
λ ∼ rg . Then, the acceleration time scale becomes
Tacc = 0.1 αγpB
−1
m [s] . (4)
For numerical evaluations, let us consider the radio
source jet on the ∼ 102−3 kpc scale of interest here. To es-
timate the upper energy limit for accelerated particles, at
first one should compare the time scale for energy losses
due to radiation and inelastic collisions to the accelera-
tion time scale. The discussion of possible loss processes
is presented by Rachen & Biermann (1993), who provide
the loss time scale for protons as
Tloss ≃ 5 · 10
24 B−2m (1 +Xa)
−1 γ−1p [s] (5)
where Bm is the magnetic field in mGs units, a is the
ratio of the energy density of the ambient photon field
relative to that of the magnetic field, X is a quantity for
the relative strength of pγ interactions compared to syn-
chrotron radiation and γp is the proton Lorentz factor.
For cosmic ray protons the acceleration dominates over
the losses (Eq-s 4,5) up to the maximum energy
γp,max ∼ 10
13 [αBm(1 +Xa)]
−1/2
. (6)
This equation can easily yield a large limiting γp,max ∼
1013 with moderate jet parameters (e.g. with α ≈ 10,
Bm ≈ 0.1 and Xa << 1). However, one should note that
the particle gyroradius rg(γp) provides the minimum for
the acceleration region’s spatial extent allowing particles
to reach the predicted value of γp. Thus, for the actual
particle maximum energy γ∗p,max the jet radius should be
larger than the respective gyroradius rg(γ
∗
p,max) (cf. sim-
ulations presented in section 3). From the observations of
6 objects Meisenhaimer et al. (1989) derived the follow-
ing ‘best-guess’ parameters for the hot spots with emis-
sion extending up to the infrared or optical wavelengths:
Bm ∼ (0.2 – 0.8) mGs, hot spot diameters D ∼ (0.7 –
5.0) kpc, jet velocities within (0.1, 0.6) c and the shock
compression ratios in the range (3.5, 4.8). If, with a bit
of optimism, one deduces from these estimates the jet
(i.e. upstream the shock) parameters Bj ∼ 0.2 mGs,
Rj ∼ D ∼ 2 kpc the maximum particle energy can
reach 1020 eV (γp ∼ 10
10). This value is substantially
smaller than the upper limit given in Eq. 6 and scales like
Rj/(2 kpc)×Bj/(2mGs).
2.4. The required efficiency
Let us consider an isotropic power-law phase-space cosmic
ray distribution with a cut-off at the momentum pmax:
4 An alternative, outside the test particle approach, is pro-
vided by the anisotropic particle distribution near the bound-
ary, inducing the resonance waves’ due to streaming instability.
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f(p) = C p−σH(pmax− p), where H is the Heaviside step
function and σ is the spectral index. For a flat spectrum,
σ < 4.0, the cosmic ray energy density (∝ 1
4−σ p
4−σ
max) peaks
near the cut-off. For example, for σ = 3.0, 99% of the cos-
mic ray energy density falls at the last two energy decades.
For powerful sources, the rate of energy extraction from
the galactic nucleus in a form of jet kinetic energy is es-
timated at ∼ 1059 eV/s. If a fraction η of this energy
is transformed into UHE cosmic rays and the particles
are transmitted spherically-symmetric around the source,
then the flux at Earth reaches the value ∼ η 107D−2
10
eV/s/cm2, where D10 is the source distance in units of 10
Mpc. Above we neglect losses between the particle source
and the Earth. As the measurements in the range above
1 EeV give the energy flux ∼ 104 eV/cm2/s, it is enough
to assume a small value η ∼ 10−3 to explain the obser-
vations with a single nearby source, or the respectively
smaller value for numerous sources. For somewhat steeper
spectra with σ ≈ 4.0, the required particle production effi-
ciency can be an order of magnitude larger. The analogous
efficiency estimates are obtained by Rachen & Biermann
(1993; see also Rachen et al. (1993) and further references
listed in the first section) and for an alternative model, by
Kang et al. (1997).
3. THE ACCELERATED PARTICLE SPEC-
TRUM
Below, with the use of the Monte Carlo simulations, we
discuss the spectrum of particles accelerated at the jet
if the acceleration process at the jet side-boundary is
present. Let us note that in ultrarelativistic flows both
processes - the acceleration at the terminal shock and
at the considered here tangential discontinuity at the
jet boundary - are in some way comparable. The mean
relative energy gain of a particle at individual interac-
tion with the relativistic shock, < ∆E/E >sh∼ γ − 1,
where the Lorentz factor γ ≡ (1 − U2)−1/2 and U =
(U1 − U2)/(1− U1U2) ∼ 1. An analogous estimate for the
boundary acceleration (cf. Eq. 1) < ∆E/E >tang∼ γ1− 1
yields a somewhat larger energy gain, but for mildly rela-
tivistic flows the ratio (γ−1)/(γ1−1) < 1 is quite close to
1. Therefore the resulting acceleration depends roughly on
the number of particle interactions with the shock and the
boundary discontinuity, respectively. These numbers de-
pend on a numerous factors including the injection site of
cosmic ray particles and the transport properties for these
particles. For smaller velocities with γ1 ≈ 1 the shock ac-
celeration becomes the first order process with ∆E/E ∼ U
and is expected to dominate over the second order tangen-
tial discontinuity acceleration (cf. section 2.2).
As discussed in section (2.1), the spectra of particles
accelerated at relativistic shock waves depend in a large
extent on the detailed conditions (magnetic field config-
uration, amplitude of field perturbations, etc.) near the
shock. Unfortunately, these conditions are usually poorly
known and any consideration of the process must be based
on several rough assumptions. Therefore, in the present
simulations we do not attempt to reproduce a detailed
shape of the particle spectrum in any definite astrophysi-
cal object, but, rather, we consider the form of spectrum
modifications introduced to the standard power-law with
a cut-off shock spectrum by additional acceleration at the
jet boundary. In order to limit the number of free pa-
rameters we decided to model stationary particle spectra
without taking the radiative losses into account, i.e. the
upper energy limit of accelerated particles (cf. Rachen &
Biermann 1993, Sigl et al. 1995) is fixed by the boundary
conditions allowing for the escape of the highest energy
particles. Below, we consider the simplest parallel shock
configuration. One should note, however, that the deriva-
tions of the acceleration time scales in relativistic shocks
by Naito & Takahara (1995) and Bednarz & Ostrowski
(1996) suggest the possibility of more rapid acceleration
in shocks with oblique magnetic fields. The situation with
losses being important is commented in Section 4.
Fig. 3. Comparison of the total spectra from Fig. 2 for differ-
ent flow velocities. The velocities are given near the respective
curves.
3.1. Monte Carlo modelling
In the simulations, we simplify the jet structure near the
terminal shock as depicted in Fig. 1. The shock is in rest
with respect to the cocoon surrounding the jet. The up-
stream plasma hitting the shock moves with the relativis-
tic velocity U1 and is advected downstream with the ve-
locity, U2. In present simulations we consider three values
for the flow velocity, U1 = 0.3, 0.5 and 0.9 of the light
velocity. The shock compression ratio R ≡ U1/U2 is de-
rived with the use of approximate formulae presented by
Heavens & Drury (1988) for shock propagating in cold
electron–proton plasma and a negligible dynamical role of
the magnetic field. The analysis of Celotti & Fabian (1993)
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suggests that (e, p) plasma can be a viable jet content in
the strong FRII radio sources. The conditions occurring
behind the jet terminal shock due to the flow divergence
are modelled by imposing the particle free escape bound-
ary a finite distance, Lesc, downstream of the shock and in
the adjoining front side of the cocoon (‘a front boundary’,
cf. Fig. 1). We use the jet radius, Rj , as the unit to mea-
sure Lesc and other spatial distances. However, one should
note that the physical barrier ‘opposing’ particle escape is
defined by the downstream diffusive scale Ldiff ≡ κ2/U2,
where κ2 is the downstream diffusion coefficient along the
shock normal. Here the magnetic field is oriented along
this normal and κ2 ≡ κ‖,2. The value of Lesc in units of
Ldiff scales as p
−1D1/2, where D ≡ κ⊥/κ‖ and κ‖ (κ⊥)
is the particle diffusion coefficient along (across) the mag-
netic field. Since the finite extent of the actual cocoon and
all realistic magnetic field structures therein allow for par-
ticle escape to the sides we introduce another, tube–like
free escape boundary surrounding the jet (‘a side bound-
ary’) in a distance of Resc from the jet axis. The unit for
the particle momentum is defined by the ‘effective’ (cf.
Bednarz & Ostrowski 1996) magnetic field, Be, in such a
way, that a particle with the momentum p∗ = 1.0 has a
gyroradius equal to the jet radius, r∗g = p
∗c/(eBe) = Rj .
A concept of the effective field is introduced to represent
the additional magnetic field power contained in waves
perturbing particle trajectories. The action of the effec-
tive field is observed in the simulations as bending of the
particle trajectory at scales smaller than its gyroradius in
the uniform component of the magnetic field, B0. With a
simplified scattering model applied, Be is not uniquely de-
fined (one is unable to evaluate the amount of turbulence
at scales smaller than ∼ c∆t), in the present simulations
we use the value estimated by Bednarz & Ostrowski (1996)
as Be = B0
√
1 + 4/9 (∆Ω/∆t)2, where ∆Ω is the maxi-
mum angular momentum scattering amplitude and ∆t is
the mean scattering time multiplied by the angular gyra-
tion velocity (here = 1). In the present simulations, the
values Be = 32.0 and 1.05 arise for D = 0.97 and 0.0013,
the strong and the weak scattering cases, respectively.
Below, we consider spectra of particles escaping
through the considered boundaries for the mono-energetic
(p0 = 10
−3 or 1.8 10−4) seed particle injection either at the
shock (zinj = 0) or at the jet side boundary far upstream
of the shock (zinj = −10
3Rj), and for different distances
(Lesc, Resc) of the boundaries. The particle distribution
F (p) ≡ dN(p) / d(log p) 5, which gives the particle num-
ber per logarithmic momentum bandwidth, is derived for
particles escaping through the boundaries. For simplicity,
in order to limit the number of free parameters in the sim-
ulations, we assume the mean magnetic field to be parallel
to the jet velocity both within the jet and in the cocoon (cf.
Coleman & Bicknell 1988, Fedorenko & Courvoisier 1996).
5 For the power-law distribution the spectral index for F (p)
is σ − 3 (cf. Sect. 2.4).
In the examples presented below we consider a (resulting
from simulations) ratio D ≡ κ⊥/κ‖ to be either 0.0013
(small ) or 0.97 (large cross field diffusion). We consider
these values as the effective ones, representing the trans-
port properties of the medium with realistic magnetic field
structures. The geometric pattern of the introduced par-
ticle trajectory perturbations’ is taken to be the same at
all momenta (Ostrowski 1991). Thus both diffusion coeffi-
cients are proportional to the particle momentum and the
above ratio of diffusion coefficients is constant. Further
details of the simulations are described in Appendix A.
Fig. 4. Comparison of particle spectra for different distances
to the jet side boundary for U1 = 0.5. The case with D = 0.97
and the seed particle injection at the shock is considered. Three
spectra are presented for Lesc = 1.0: a.) Resc = 1.1, b.)
Resc = 2.0, c.) Resc = 11.0, and two additional spectra for
Resc = 11.0: d.) Lesc = 10.0 and e.) Lesc = 100.0.
At Fig-s 2-4, we consider particle spectra for the seed
particle injection at the shock. The fixed spatial distances
to the escape boundaries are assumed, but the size of par-
ticle trajectory defined by its gyroradius, as well as the
spatial diffusion coefficients, increase in proportion to the
particle momentum. As a result, the escape probability
grows with particle energy providing a cut-off in the spec-
trum. The energy scale of the cut-off is different for the
front boundary spectrum and the side boundary spectrum,
with the latter being often larger in our simulations. This
difference can occur also in the case of numerical exper-
iments with the jet boundary acceleration turned off. It
is due to the fact that particles accelerated at the shock
close to the jet boundary have the opportunity to diffuse
back upstream across the static cocoon medium, to be ac-
celerated again at the shock and then escape through the
side boundary. The difference between these two scales
increases for example, with the jet velocity, the extent
of the diffusive cocoon, shifting the particle injection site
upstream of the shock, increasing the effective particle ra-
dial diffusion coefficient. However, one should note that
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the role of the jet boundary acceleration is limited for the
seed particle injection at the shock in the presence of the
nearby front escape boundary (cf. Fig. 2, middle panel).
As explained below the situation will change drastically
for the injection at the jet boundary far upstream of the
shock.
In the spectra presented at Fig. 2 three parts can be
clearly separated. The first one, with a wavy behaviour, re-
flects the initial conditions of the mono-energetic injected
spectrum interacting with the accelerating surfaces – for
the shock injection only the shock acceleration is impor-
tant in this range. In the remaining part of the spectrum,
at energies directly preceding the cut-off energy, the spec-
trum exhibits some flattening with respect to the incli-
nation of the lower energy part. The low energy section
of the spectrum – within computational accuracy – coin-
cides with the analytically derived inclination of the spec-
trum formed at the infinitely extended shock (cf. Heavens
& Drury 1988). The spectrum flattening at larger ener-
gies occurs due to additional particle transport from the
shock’s downstream region to the upstream one through
the cocoon surrounding the jet (this effect occurs also if
there is no side boundary acceleration ! ), and inclusion
of a very flat spectral component resulting from the side
boundary acceleration (see below).
A comparison of particle spectra generated at jets with
different velocities is presented in Fig. 3. One may note a
systematic shift of the spectrum cut-off toward higher en-
ergies with an increase of the jet velocity. Additionally,
at the low energy portion of the spectrum, the expected
spectral index change can be observed. The influence of
varying distances (Lesc, Resc) at particle spectra can be
evaluated by inspecting Fig. 4. Decreasing any boundary
distance leads to decreasing the cut-off energy, however
the actual changes depend in a substantial degree on the
leading escape process removing particles from the accel-
eration region - either the diffusive/free-escape through
the front boundary or the radial diffusion toward the side
boundary. Let us finally stress, that even for an infinite
diffusive volume surrounding the jet, the acceleration ef-
ficiency will decrease for particles with momenta p > p∗ .
Therefore, the upper momentum cut-off can not reach val-
ues above the scale ∼ γup
∗ .
In Fig. 5 we compare spectra of particles injected at
the jet side boundary far upstream of the shock, in the
distance 103Rj , to the spectra of particles injected at the
terminal shock. In the former case resulting distributions
are very flat or even inverted (σ < 3, cf. Appendix B).
This feature results from the character of the acceleration
process with particles having an opportunity to hit the
accelerating surface again and again due to an inefficient
diffusive escape to the sides. The apparent deficiency of
low-energy particles in these spectra results from the fact
that most of these particles succeeded in crossing the dis-
continuity several times before they are able to diffusively
escape through the side boundary. In other words, the es-
Fig. 5. The particle spectra formed with and without the jet
boundary acceleration for D = 0.97. Spectra formed due to
acceleration both at the jet boundary and at the terminal shock
are presented with full lines, while the spectra for the neglected
boundary acceleration are given with dashed lines. The results
are presented for Resc = 2.0, Lesc = 1.0 and a.) zinj = 0.0 or
b.) zinj = −1000.0.
Fig. 6. Comparison of the particle spectra formed with wide
(Resc = 11.0; dashed lines (a) and (c) ) and narrow (Resc = 2.0;
full lines (b) and (d) ) cocoon. The results are presented for
Lesc = 1.0 and two possibilities for particle injection: zinj = 0.0
for cases (a) and (b), and zinj = −1000.0 for the cases (c) and
(d).
cape due to particle energy increase (and the correspond-
ing diffusion coefficient increase) is much more effective
than the escape caused by diffusion of the low energy par-
ticles across the cocoon. If we neglect the tangential dis-
continuity acceleration, the particle advection toward the
terminal shock appended with the side boundary diffusive
escape determines an initial phase of the upstream trans-
port. The final energy spectrum is formed at the shock.
We also performed simulations with the continuous
injection process extended along the jet boundary from
z = −1000 up to the shock at z = 0. As long as most par-
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ticles were injected far from the shock the resulting spectra
were very similar to the ones obtained with zinj = −1000.
The role of the cocoon spatial extension in the accel-
eration process can be evaluated from Fig-s 4,6. One may
note that for the particle injection at the terminal shock
in the presence of a nearby front boundary, any change in
Resc is accompanied by only a minor modification to the
spectrum seen at highest energies. This behaviour is de-
termined by the efficient particle escape through the front
boundary. Only increasing Lesc to values≫ Ldiff (p = p0)
allows the largerResc to increase the spectrum cut-off sub-
stantially. However, for the injection far upstream of the
shock the main process removing particles from the accel-
eration is the diffusive escape through the side boundary.
In such a case particles can reach larger energies with a
more extended cocoon. For the shock injection, the spec-
tra presented in Fig. 6 only insignificantly differ in the
momentum range between 10−4 and 10−2. This feature
illustrates the fact that spectrum inclination depends on
the local conditions near the shock if the particle energy
is insufficient to allow for non-diffusive escape through the
boundary. For the upstream injection the spectrum with
smaller Resc is shifted up in this momentum range because
the larger proportion of all particles have a chance to es-
cape at a given momentum. However, the spectrum incli-
nation does not significantly depend on Resc until a chance
for particle escape becomes comparable to the probabil-
ity of doubling its energy. The process can be described
in the following way. After commencing the acceleration
process at injection, the energized particles fill diffusively
the volume near Rj . The normal to the jet boundary dif-
fusion coefficient is proportional to particle momentum in
our model. Thus the diffusing relativistic particles fill this
volume in a time inversely proportional to the particle mo-
mentum, ∝ p−1, and the time required for these particles
to diffuse back to the jet boundary to be further acceler-
ated is also ∝ p−1. As energy gains of particles interacting
with the jet boundary - with the mean value depending on
the particle anisotropy and the jet velocity - are propor-
tional to p, the resulting spectrum inclination only slightly
depends on the size Resc at energies much smaller than
the cut-off energy. A simplified analytic approach to this
acceleration process is presented in Appendix B.
In Fig. 7, the spectra for different turbulence levels de-
fined by the respective values of D = 0.97 or 0.0013 are
compared. Because in the simulations with smallerD, par-
ticles were injected at larger initial momentum, in order
to make the comparison more simple, we scaled (i.e. ver-
tically shifted) the spectrum (a) to coincide in the power-
law section with the spectrum (b). One can observe that
the cross-field diffusion, changing as ≈ D1/2, has a sub-
stantial influence on the spectrum if the particle radial
diffusion is the main process removing particles from the
jet vicinity.
Fig. 7. Particle spectra formed with D = 0.97 (full lines;
p0 = 1.8 10
−4) versus the spectra for the small D = 0.0013
(dashed lines; p0 = 10
−3). The spectra (a) and (b) are formed
for the shock injection zinj = 0, while the spectra (c) and (d)
for the jet boundary injection at zinj = −1000.0. All presented
results were derived with Resc = 2.0 and Lesc = 1.0.
4. FINAL REMARKS
Application of the ‘pure’ shock acceleration mechanism in
order to model UHE particle production in the discussed
extragalactic jets meets a number of difficulties. Due to
small spatial dimensions of hot spot regions, the diffu-
sive particle escape may become a serious problem for
particles, preventing them from reaching energies above
1020 eV. We would like to note that the respective losses
would be enhanced in the presence of oblique fields causing
the drift motions along the shock surface. Therefore it is
not clear if the speeding up of the acceleration process at
oblique shocks will be accompanied by the spectrum cut-
off energy increase. In the super-luminal magnetic field
configuration, the acceleration to UHE can be completely
suppressed if there is no other mechanism providing par-
ticles in the sub-UHE energy range (cf. Begelman & Kirk
1990, Ostrowski 1993a). Another difficulty may arise due
to the high inclination of the spectrum, σ > 4.0, expected
in some cases in relativistic shocks (Ostrowski 1991, 1993a;
Ballard & Heavens 1993). In realistic conditions it can sub-
stantially increase the shock wave energy conversion into
lower energy cosmic rays. The total efficiency of cosmic
ray generation must then be much larger to allow for the
required power in UHE particles.
The presented hypothesis for the acceleration mech-
anism producing the most energetic cosmic ray particles
at the jet side-boundary has a number of advantages over
the ‘pure’ shock hypothesis. At first, its efficient action is
rather weakly dependent on detailed conditions in the ac-
celeration site. The mean magnetic field elongated along
the jet axis assumed in the present paper is in no way
essential to the presented discussion. One may note, how-
ever, that such a field configuration can be produced in
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a natural way due to any form of viscosity near the jet
boundary, including the viscous pull of magnetized plasma
mediated by the accelerated particles (Eq. 2, cf. Paper I).
Then, the field perturbations required near the boundary
are created by growing short wave instabilities at the jet
boundary surface, as well as by the anisotropically dis-
tributed cosmic rays streaming along the boundary. The
required energy expense of the jet for the UHE cosmic
ray production is quite reasonable in comparison to the
energy available. Within the present model involving rel-
ativistic jets, as long as global instabilities do not disrupt
the organized jet flow, the cut-off energy can be a fac-
tor of a few ones greater than the value obtained in the
pure shock acceleration if seed particles for acceleration
are injected all the way along the jet boundary. Then,
the obtained spectrum can be very flat before the cut-
off. One may note that no compression or de-compression
is directly connected with this acceleration process and
adiabatic losses seem not to be an obstacle here. A slow
perpendicular expansion of the jet is in most cases con-
trolled by the magnetic field structure and we do not ex-
pect it to play any noticeable role in particle deceleration
within the UHE energy range. To recapitulate, we believe
that because the respective conditions arise in a natural
way, the process of particle acceleration at tangential dis-
continuity should be seriously considered as an important
supplementary process to shock acceleration.
The main difficulty in analysing the details of the par-
ticle spectrum comes from an inadequate knowledge of lo-
cal conditions in the acceleration region inside the jet and
in the space surrounding the jet, including the magnetic
field strength and configuration, the form and the ampli-
tude of field perturbations, the distance of the ‘effective’
escape boundary or, finally, at low particle energies, the
velocity profile of the turbulent shear layer expected to oc-
cur at the interface between the jet and the surrounding
medium. Of course, observations provide some informa-
tion about magnetic field magnitude and the mean field
structure, but, besides its fragmentary, projection and res-
olution dependent character, the measurements relate to
regions where radiative losses of cosmic ray electrons take
place, not necessarily strictly coinciding with the ion ac-
celeration sites. The information to be borrowed from hy-
drodynamical jet simulations usually refers to the flows
with limited values of the magnetic field (cf. Marti et al.
1995, 1997; Go´mez et al. 1995). So, the available basic
information required for the cosmic ray spectrum deriva-
tion is very limited. Fortunately, the rapid acceleration at
the velocity discontinuity results in very flat spectra in
all situations where particles near the discontinuity have
a chance to cross this surface at least few times before
the escape. When considering the energy budget of ac-
celerated particles, the flat spectrum means that cosmic
ray energy is contained in particles with highest energies.
In the conditions of effective acceleration, the upper scale
for the UHE particle energy density is provided by the
magnetic field energy density near the jet boundary. Pos-
sessing the higher energy density, UHE cosmic rays would
smear out the discontinuity into a wide shear layer with a
much reduced acceleration efficiency.
Finally, let us comment on the particle spectrum in the
presence of radiative loses decreasing the cut-off energy in
the spectrum. If the loss process can be sufficiently ef-
fective to shift the cut-off energy substantially below the
‘geometric’ cut-off present in our simulations, there will
occur weaker mixing of the two acceleration processes in
forming the total spectrum. No mixing means that there
are two acceleration time scales present, the one for the
shock acceleration and the other one for the tangential dis-
continuity acceleration. The spectra formed in these two
processes – at the shock and at the jet boundary far from
the shock – can be independent, with a different shape and
an energy cut-off. For electrons the radiative cut-off can
occur at such low energies that the acceleration process at
the jet boundary involves only other processes (e.g. the
second-order Fermi acceleration, highly oblique shocks,
magnetic field reconnection) in the turbulent boundary
layer, with the viscous shear acceleration playing only a
secondary role (cf. Ostrowski 1997). Without a detailed
consideration it is difficult to draw any conclusions about
the resulting synchrotron spectra. We would like to note,
however, that some observations of the synchrotron optical
jets may require such mechanisms to operate (Ostrowski,
in preparation). Till now the most detailed information
available about the synchrotron jet structure is for the
nearby M87 jet (e.g. Sparks et al. 1996, and references
therein), but at least five more have been observed. How-
ever, the observations are not conclusive in the matter
of the particular mechanism responsible for the energetic
particle populations present in these sources.
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Appendix A: Modelling of the particle acceleration
process
We consider the particle diffusion in the jet-cocoon region in
the case of the mean magnetic field being parallel to the jet
velocity both inside and outside the jet. Modelling of the diffu-
sive particle trajectories is based on the small-amplitude pitch-
angle scattering approach (Ostrowski 1991). It assumes that
the particle diffusion coefficients parallel to the mean field, κ‖,
and the one perpendicular to the mean field, κ⊥, are propor-
tional to the particle momentum. Due to this fact, the amount
of computations required for reproducing particle diffusive tra-
jectories for low energy particles is much larger than the re-
spective amount for particles with higher energies. Therefore,
in order to deal with these low energy particles, we introduced
a hybrid approach to derive particle trajectories. For parti-
cles near the surfaces of the flow velocity change at the jet
boundary and at the shock, and not further than 2 particle
gyroradii away in the former case and 1 diffusive scale κ‖,i/Ui
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(i = 1, 2) from the shock surface, we use the exact form of the
mentioned pitch-angle scattering method. When the particle
diffuses further away from the respective discontinuity, we use
the spatial diffusion model involving large time steps. However,
the step length is always limited in order to prevent particles
from crossing any discontinuity in an individual ‘diffusive’ step
- the mean diffusive step allows only for moving a particle 0.25
of the distance to its closest boundary. In these computations
we use the values of κ‖ and κ⊥ derived in independent sim-
ulations involving the ‘exact’ pitch-angle diffusion procedure.
This way we are able to consider particles with momenta which
differ in a few orders of magnitude. During the simulations we
use a variant of the trajectory splitting procedure described by
Ostrowski (1991). A good test for this simulation procedure
is provided by the agreement of our shock accelerated spectra
fitted at low energies with the values derived analytically by
Heavens & Drury (1988).
Appendix B: On the spectrum of particles acceler-
ated at the tangential discontinuity
Let us consider a simple model for particles accelerated at the
plane tangential discontinuity surrounded with infinite regions
for particle diffusion. We derive the stationary spectrum at the
discontinuity for the perpendicular (to discontinuity) diffusion
coefficient being proportional to particle energy, κ⊥ ∝ E. For
relativistic particles with p = E and the same velocity v = c,
the mean time between the successive particle interactions with
the discontinuity is also proportional to the particle’s energy.
Thus the mean rate of particle energy gain is constant, inde-
pendent of energy, < p˙ > = const. The transport equation for
the phase-space distribution function f(p) has the following
form,
1
p2
∂
∂p
[
p2 < p˙ > f(p)
]
= Q0δ(p− p0) . (B1)
In the above equation one assumes a continuous particle injec-
tion at p = p0. For a general power-law form for < p˙ >= C0p
α
it yields the solution,
f(p) =
Q0p
2
0
C0
p−2−αH(p− p0) , (B2)
where H(x) is the Heaviside step function. As long as there
are no specific energy scales introduced into the acceleration
process the obtained form for f(p) is independent of the ve-
locity difference at the discontinuity (particle anisotropy), and
of possible correlation between the interaction time and the
energy gain. In the case considered in the present paper α = 0
and f(p) ∝ p−2.
For the discontinuity formed at the jet boundary, the jet
radius and the escape boundary radius provide energy scales
to the process. As a result, a cut-off occurs at large energies in
the spectrum. However, at small energies, where the jet bound-
ary curvature is insignificant and the diffusive regions very ex-
tended, the solution should be close to the one given in (B2). In
fact, numerical fits for low energy sections of cases (c) and (d)
at Fig. 6 give the respective fits f(p) ∝ p−2.16 and ∝ p−2.10
(the difference in the obtained spectral indices is not signifi-
cant, depending on the momentum range used for fitting).
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